The crystal structure of Rochelle salt in the ferroelectric phase is studied by means of x-ray diffraction. The structures of the two paraelectric phases are also redetermined to obtain the displacements of the atoms owing to the phase transitions. Cooperative displacements of the atoms responsible for the appearance of the spontaneous polarization are obtained. The displacements consist of the movements of the tartrate molecules and the water molecules in a frame composed of K and Na ions. During the successive phase transitions there are several interatomic distances maintained constant. The direction of planes made of carbons of the tartrate molecules is practically unchanged throughout the phase transitions.
I. INTRODUCTION
Rochelle salt, NaKC 4 H 4 O 6 •4H 2 O ͑abbreviated as RS͒ is a well-known ferroelectric. This crystal exhibits ferroelectric properties between 255 and 297 K, and the spontaneous polarization P s appears along the a axis. 1, 2 The symmetry of the crystal structure in the two paraelectric phases is orthorhombic ͑space group P2 1 2 1 2͒, and that in the ferroelectric phase is monoclinic ͑space group P2 1 11͒. 3 X-ray structure analysis of RS was first reported by Beevers and Hughes. 4 They have pointed hydrogen bonds running among tartrate molecules and water molecules, and they intended to account for the ferroelectric behavior. They have particularly emphasized the significance of the hydrogen bond between O͑1͒ and O͑10͒, which lies parallel to the direction of the spontaneous polarization. In order to determine the locations of the hydrogen atoms assumed by Beevers and Hughes, Frazer, Mckeown, and Pepinsky 5 carried out the investigation of two-dimensional neutron diffraction on deuterated RS in the ferroelectric phase. They reported that an orientational motion of the hydroxyl group O͑5͒-D is possibly responsible for the appearance of the spontaneous polarization.
On the other hand, Shiozaki and Mitsui 6 have commented by x-ray study that the electron density peak, which is located on the position of the hydrogen atom of O͑5͒-H in RS is sharp in the two paraelectric phases, and it seems that O͑5͒-H make the intramolecule hydrogen bond to O͑2͒. Recently, Iwata It is essential to observe directly the structure of the ferroelectric phase in order to clarify the structural change. Since the crystal in the ferroelectric phase has domain structures, 9 the preparation of the crystal of the monodomain state is required for the diffraction study. The use of the sample having the domain structure results in the measurements of mixed Bragg intensities of the two independent quadrants in the monoclinic crystal system. It seems that many works have not attained the true structure because of ignorance of the domain structure.
We have studied the crystal structure of RS in the ferroelectric phase ͑Tϭ273 K͒ as well as the two paraelectric phases ͑Tϭ243 and 308 K͒ in order to clarified the precise structural changes associated with the spontaneous polarization. The x-ray diffraction study in the ferroelectric phase ͑Tϭ273 K͒ has been performed under a monodomain state; the spontaneous polarization has the maximum value at the temperature. The monodomain state is realized by the application of the dc field.
In the paper, we report the atomic displacements giving the spontaneous polarization and show the collective displacements composed of the tartrate molecules and water molecules observed in the phase transition. Discussions are made together with the dielectric, NMR studies.
II. EXPERIMENTAL AND LEAST-SQUARES REFINEMENTS
Single crystals were grown in saturated aqueous solution of RS ͑the purity of the reagent exceeds 99.5%͒ at room temperature after three cycles of recrystallization. A sample crystal was prepared in a cylindrical shape the length of which was about 2.0 mm and diameter of which was about 0.7 mm. The cylindrical axis was parallel to the ferroelectric a axis. Silver paste was used as electrodes for the purpose of maintaining a monodomain state by applying a dc bias field, and the sample was sealed in a glass capillary tube to avoid dehydration and deliquescence. A nitrogen-gas flow system was used to control the temperature of the sample. In all cases, the temperature stability was better than 1.0 K. In the ferroelectric phase ͑at Tϭ273 K͒, the applied dc electric field was 200 V/cm: the coercive field E c at this temperature is about 130 V/cm. A four-circle diffractometer ͑Rigaku AFC-5R͒ with pyrolytic graphite-monochromated Mo-K␣ radiation ͑ϭ0.710 73 Å͒ was used. During the collection of intensity data in the ferroelectric phase, the reflection ͑050͒ was monitored: the intensity of the reflection ͑050͒ is very sensitive to the temperature. 10 The reflections with F o Ͼ3͑F o ͒ were used for the least-PHYSICAL REVIEW B 1 MARCH 1996-I VOLUME 53, NUMBER 9 53 0163-1829/96/53͑9͒/5217͑5͒/$10.00 5217 © 1996 The American Physical Society squares calculations, where F o is the observed structure factor and (F o ͒ is the standard deviation estimated by the statistics of counts of x rays. The observed intensities were corrected for the irradiated crystal volume as well as Lorentz polarization and absorption. A summary of the data collections and the refinements at the three temperatures is given in Table I . In the least-squares refinements of the paraelectric phases, the positional parameters reported by Beevers and Hughes 4 were used as initial ones except for hydrogen atoms. Those of the hydrogen atoms were obtained from the difference Fourier maps. In the ferroelectric phase, the refinements were started by using the parameters obtained by Mitani et al. 11 In the ferroelectric phase, the origin was fixed on K͑1͒ during the refinement. The full-matrix least-squares calculations were accomplished by RADIEL, 12 and in the course of the refinements the correction for isotropic secondary extinction was carried out. The least-squares calculations were made by minimizing the functions ⌺w(͉F o ͉Ϫ͉F c ͉͒ 2 with
, where w is weighting function, F c is the calculated structure factor, and a is an adjustable parameter. We have chosen aϭ0.05 in the way that the value of ⌺w(͉F o ͉Ϫ͉F c ͉͒ 2 remains constant when the reflections are grouped in ͉F o ͉ or sin / intervals. The atomic scattering factors and anomalous scattering factors were taken from International Tables for X-ray Crystallography. 13 The thermal parameters of hydrogen atoms were treated as if they had a common value U H : the value U H ϭ0.025 gave the minimum R factor. Finally, R factors at Tϭ308 K, Tϭ273 K, and Tϭ243 K were 0.0912, 0.0744, and 0.0490, respectively. The final results of the atomic positions and the equivalent thermal parameters at 273 K is given in Table II .
III. STRUCTURE DESCRIPTION OF THE FERROELECTRIC PHASE, T‫372؍‬ K A. Relative displacements associated with the phase transitions
In the ferroelectric phase, the two-fold screw axis, which is parallel to the b axis of the paraelectric phase, disappears. Thus, the space group changes from P2 1 2 1 2 to P2 1 11, and the asymmetric unit in the ferroelectric phase becomes twice that in the paraelectric phase ͑Fig. 1͒. In this paper, the numbers assigned to the atoms in the ferroelectric phase are suffixed A or B. The atoms suffixed A are related to those suffixed B by the twofold screw axis parallel to the b axis in the paraelectric phase.
The obtained result can be used to calculate the relative displacements between two molecules in the asymmetric unit. In the ferroelectric phase, the two molecules are related by a pseudo-2 1 ͓010͔ operation. The pseudosymmetry operation is applied to the atomic coordinate (x B ,y B ,z B ), and the resulting coordinate is compared with the atomic position (x A ,y A ,z A ). The differences between these positions are defined:
␦yϭb(y A Ϫy B ϩ0.5), ␦zϭc(z A ϩz B Ϫ1.0), and ⌬ϭ(␦x 2 ϩ␦y 2 ϩ␦z 2 ) 0.5 ͑Table III͒. In those calculations, the lattice constants by the Bronowska 15 have been used. The large relative displacements of atoms were obtained for O͑10͒, O͑3͒, O͑8͒, O͑6͒, and O͑4͒ ͑⌬Ͼ0.06 Å͒. Those displacements of the oxygens except O͑6͒ have large components along the a axis. Also the displacement of C͑4͒ is large along the a axis ͑␦xϾ0.03 Å͒. It is clarified that the carboxylate anion O͑3͒-C͑4͒-O͑4͒ in the tartrate molecule has a large relative displacement along the a axis, and the oxygen of the water molecule O͑8͒ also has a large relative displacement in the opposite direction.
B. Change of interatomic distances in the ferroelectric phase
K͑1͒ is coordinated by six oxygens, which are located within 3.2 Å. The distance K͑1͒-O͑10͒ is so large that the K͑1͒ atom is not strongly interacting with O͑10͒. The other potassium atom, K͑2͒ is coordinated by eight oxygens, which are also located within 3.2 Å. The circumstances of K͑1͒ differ largely from those of K͑2͒.
In the ferroelectric phase, there are two kinds of the distances for K͑1͒-O͑8͒ and also for K͑2͒-O͑8͒ ͑Table IV͒. It shows that O(8A) approaches K͑1͒ and O(8B) displaces away from K͑1͒. The significant displacements of the atoms are observed around the cations, and they are responsible for the appearance of the spontaneous polarization of RS. The changes are most remarkable among many other changes.
The interatomic distances and angles in the tartrate molecules at three temperatures are practically unchanged. The planarity and the direction of the plane made by C͑1͒-C͑2͒-C͑3͒-C͑4͒ is not affected through the phase transitions. These results show that there is little deformation in the tartrate molecules with the phase transitions.
Two hydrogen bonds related to O͑8͒ have different behaviors associated with the phase transitions. The distances O(8A)-O(3B) and O(8B)-O(3A), which are nonequivalent crystallographically in the ferroelectric phase, are almost same to those in the paraelectric phase. On the other hand, those of O(8A)-O(2A) and O(8B)-O(2B) are significantly different. O͑10͒ has three hydrogen bonds; two are related to O͑4͒ and O͑1͒ in the carboxylate anions and one is related to O͑6͒ in the hydroxyl group. Among the three bonds, the distance O͑6͒-O͑10͒ is longer a little than the ordinary hydrogen bond length. In the ferroelectric phase, it becomes two significantly different mates ͓O(6A)-O(10A) and O(6B)-O(10B)͔. These results show that the distances O͑8͒-O͑2͒, O͑9͒-O͑2͒, and O͑6͒-O͑10͒, which connect the water molecules to the tartrate molecules with hydrogen bonds, make significant changes through the phase transitions. 
IV. RESULTS AND DISCUSSIONS
The characteristic features are summarized as follows ͑see The oxygen O͑8͒ behaves as a common nearest neighbor atom of Na, K͑1͒, and K͑2͒. It is situated at almost the middle point between K͑1͒ and K͑2͒ and has the large thermal motion directed to them. It is considered that the interactions between O͑8͒ and the two K atoms cause the strong anisotropic thermal motion.
In the process of the ferroelectric phase transition, O͑8͒ makes the considerably large displacement along the a axis, while C͑4͒, O͑3͒, and O͑4͒ atoms ͑carboxylate anion͒ displace in the opposite direction. These facts show that the displacement of O͑8͒ is accompanied by the movement of the tartrate molecule keeping the distance between O͑8͒ and O͑3͒ constant. It is considered that the displacement of O͑8͒ must have an important role for the ferroelectric phase transition; however, the sign of an order-disorder behavior is not detected. For the establishment of the phase transition mechanism, it is very important whether the order-disorder behavior is observed or not with diffraction study. The thermal parameter of O͑8͒ does not have any special anomaly during the phase transition. The thermal parameters of all other atoms also has no anomalous behavior.
Our results can be supported by many other experimental facts as follows. The complex dielectric dispersion of RS at the microwave range has been measured by Sandy and Jones. 16 They have found the critical slowing down phenomena at the two transition points in the frequency range from 4 -12 GHz. The critical relaxation phenomena seem to be mainly originated in these collective motions and show the behavior of the cooperative dipole interaction between them. It is generally believed that such phenomena in this frequency range are an evidence of the presence of the relaxational motion of the orientation of molecules, and they are observed in other ferroelectrics such as TGS, NaNO 2 , DSP, and ͑NH 4 ͒ 2 SO 4 , etc., which are considered to be of the orderdisorder type. Blinc, Petkovsek, and Zupancic, 17 and Miller and Casabella 18 have shown that the displacements of O͑8͒ and O͑5͒-H contribute to the temperature dependence of the electric-field-gradient ͑EFG͒ tensor around Na atoms. Our study shows not only that the displacements of O͑8͒ and O͑5͒ affect the EFG tensors but also those of all neighboring oxygen atoms surrounding Na atoms, especially O͑3͒, affects because the octahedron constructed by the neighboring oxygen atoms displaces against the Na atoms in the ferroelectric phase. Trontelj 19 have carried out NMR studies on flipping motions of the four water molecules. Their results show the flipping motions are not affected during the phase transition. The behavior does not contradict the fact obtained by our x-ray analysis that the thermal behaviors of the four oxygen atoms of the water molecules display no clear change with the phase transition.
Our study has revealed that the tartrate molecules and water molecules displace against the flame composed of potassium and sodium ions. Especially the displacements of O͑8͒, O͑9͒, and O͑10͒ around K͑1͒ are large ͑see Fig. 1͒ , and those oxygen atoms and K͑1͒ have large thermal motion in all phases. We cannot explain well the relation between the mechanism of the phase transition and the displacements of O͑9͒ and O͑10͒. It was recently reported by far-infrared transmission and reflection spectra and Raman spectra studies 20 that the type of the phase transition in RS is a mixture of displacive and order disorder. It would be necessary to clarify what atoms have the order-disorder features by crystallographic work.
